Contact sites of AraC protein to the regulatory site aral of the Escherichia coli araBAD operon have been determined by the chemical-interference technique. DNA AraC protein, which plays an inducing and repressing role in regulating the araBAD operon (9-16), does not possess any region of amino acid sequence with close homology to the consensus of the DNA-contacting domains of the abovementioned proteins (8, 17). Also, AraC protein appears to associate with a more extensive DNA region, protecting about 40 base pairs from nuclease digestion (9, 10). Therefore, we have used the binding-interference technique developed by Siebenlist and Gilbert (18) to examine the DNA contact sites that this protein makes with DNA to look for different possible modes of protein-DNA interaction. These studies reveal that AraC protein binds one face of the DNA in three adjacent major groove regions of araI site. AraC protein binds this site to induce or repress the araBAD promoter (15, 16). Consistent with the apparent contacts, the consensus of AraC binding sites contains three regions of conserved bases, and these lie in the three regions of contact.
along one side of the DNA. The conserved bases of the AraC-binding DNA consensus sequence are also found in the same positions. The gel electrophoresis assay was used to determine the stoichiometry of binding, and AraC protein was found to bind the aral and araO1 regulatory sites as a dimer. Therefore, AraC appears to bind DNA differently from the other well-characterized regulatory proteins such as phage A repressor.
A variety of physical and genetic techniques have been used to develop a picture for one mode of DNA sequence recognition by proteins. Each of the monomers of phage X repressor, X cro protein, lac repressor, and cAMP receptor protein contains a highly conserved sequence that appears to form a DNA-contacting domain (1) (2) (3) (4) (5) (6) (7) (8) . The two DNA-contacting domains on these dimeric proteins bind two adjacent major groove regions of the DNA centered in a region of dyad symmetry.
AraC protein, which plays an inducing and repressing role in regulating the araBAD operon (9-16), does not possess any region of amino acid sequence with close homology to the consensus of the DNA-contacting domains of the abovementioned proteins (8, 17) . Also, AraC protein appears to associate with a more extensive DNA region, protecting about 40 base pairs from nuclease digestion (9, 10). Therefore, we have used the binding-interference technique developed by Siebenlist and Gilbert (18) to examine the DNA contact sites that this protein makes with DNA to look for different possible modes of protein-DNA interaction. These studies reveal that AraC protein binds one face of the DNA in three adjacent major groove regions of araI site. AraC protein binds this site to induce or repress the araBAD promoter (15, 16) . Consistent with the apparent contacts, the consensus of AraC binding sites contains three regions of conserved bases, and these lie in the three regions of contact.
In view of the unusual binding pattern shown by AraC protein, we wished to determine if the protein binding unit is comprised of two, three, or some other number of subunits of AraC. We used the gel electrophoresis assay of DNA binding to accurately quantitate specifically bound protein and DNA. The results of these experiments show that AraC protein binds to araI as a dimer and to araO,, the site to which AraC binds to repress the araC promoter, also as a dimer.
MATERIALS AND METHODS
Strains, Plasmids, and General Methods. Strains, plasmids, and general methods were as described (15, (19) (20) (21) . Plasmid pTD383 contains the araI site on a 170-base-pair fragment that is released by EcoRI and HindIll digestion. The araO, site is on a 300-base-pair fragment that is released by EcoRI and HindIII digestion of plasmid pTD242. AraC protein was purified as described (21).
Binding Interference Assay. The assay is based on the method of Siebenlist and Gilbert (18). Phosphates of a 32P-end-labeled DNA fragment were ethylated by adding 100 ,ul of saturated ethylnitrosourea (Sigma) in 95% ethanol to a 100-,ul DNA sample in 50 mM sodium cacodylate, pH 8.0/0.1 mM EDTA and incubating at 50'C for 30-60 min. Purines were methylated by adding 1 ul of dimethyl sulfate to the DNA in 200 ,4 of 50 mM sodium cacodylate, pH 8.0/10 mM MgCI2/0.1 mM EDTA and incubating for 1 min at 20°C. This reaction was stopped by adding 50 ,4 of 1 M Tris HCl, pH 7.5/1 M 2-mercaptoethanol/1.5 M sodium acetate/0.05 M magnesium acetate/1 mM EDTA/0.1 mg of tRNA per ml. All reactions were timed to yield approximately one modification per DNA molecule. Modified DNA samples were precipitated with ethanol, washed, dried under vacuum, and resuspended in 10 mM Tris HCI, pH 8.0/1 mM EDTA (TE buffer).
DNA recovered from the gel electrophoresis binding assay (see below) was cleaved at the positions of the modifications. To display methylated guanines, DNA was heated at 90°C in 10% piperidine for 30 min. To display both methylated guanines and adenines, the DNA was resuspended in 43 /l of 20 mM sodium acetate/i mM EDTA, then 7.5 ,4 of 1 M NaOH was added, and the sample was incubated at 90°C for 30 min. Cleavage at ethylated phosphates was carried out as for the guanine-plus-adenine reaction. After incubation, samples with NaOH were neutalized with 7.5 ,ul of 1 M HCl and 50 ,ul of 20 mM Tris HCl (pH 7.5). Samples were precipitated by addition of 4 amg of calf-thymus DNA, 150 ul of 70% ethanol, and 1 ml of 1-butanol; the butanol precipitation was repeated after resuspending the samples in 50 ,ul of 1% NaDodSO4; and the DNA was dried under vacuum and resuspended in sequencing sample buffer (22). Positions of the cleavages were determined by electrophoresing samples on 8% denaturing acrylamide gels in parallel with samples prepared by the guanine-greater-than-adenine sequencing reactions (23).
Binding Reactions and Gel Electrophoresis. DNA binding reactions and electrophoresis to separate protein-DNA complexes were as described (21). The modified DNA (0.05-0.1 pmol; 2 x 105 dpm) was incubated with excess AraC protein *Present address: Department of Microbiology, Milton S. Hershey Medical Center, Pennsylvania State University, Hershey, PA 17033.
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Biochemistry: Hendrickson and Schleif (0.1-0.3 pmol) in 25 ,ul of binding buffer (10 mM Tris HCl, pH 7.5/50 mM KCl/1 mM EDTA/5% glycerol/i mM dithiothreitol/50 ,g of bovine serum albumin per ml/50 mM arabinose or fucose/0.05% Nonidet P-40) for 10 min. A 20-fold molar excess of ara plasmid DNA was then added for 10 min (arabinose-containing buffer) or for 30 sec (fucose-containing buffer) to allow dissociation of complexes with modifications in critical positions of the binding site. The times allowed for dissociation were 1/10th the half-time found for AraC dissociation from unmodified DNA in these buffers (21). The samples were electrophoresed for 1 hr in 6% acrylamide/ 0.1% methylene bisacrylamide gels. The gels were soaked in 90 mM Tris borate/1 mM EDTA, pH 8.3, to improve subsequent recovery of the DNA and exposed to x-ray film for 20 min, and the DNA was recovered by using NA45 DEAE membranes (Schleicher & Schuell) as described (21).
Stoichiometry. To obtain AraC protein of known specific activity, strain RFSOP8, which harbors an AraC proteinoverproducing plasmid, was grown for at least six doublings in 1-2 ml of M10 medium containing 1-2 mCi (1 Ci = 37 GBq) of 35S04 (carrier-free H2SO4; New England Nuclear), 0.1 mM MgSO4, 1 mM MgCl2, 0.5% glucose, and 5 ,g of thiamine per ml to a density of 1 x 108 cells per ml. Cells were harvested, washed in lysate buffer (50 mM potassium phosphate, pH 7 .0/50 mM KCl/1 mM EDTA/5% glycerol/1 mM dithioerythritol/16 ,ug of phenylmethylsulfonyl fluoride per ml) and resuspended at 109 cells per ml of lysate buffer. Cells were disrupted by sonication, and the debris was removed by centrifugation in a microcentrifuge. Polyethyleneimine (Polymin-P; pH 7.8) was added slowly with stirring to a final concentration of 0.5%. After 10 min on ice, samples were centrifuged in a microcentrifuge for 10 min, and the supernatant was applied to a 60-,l Bio-Rex 70 (Bio-Rad) column equilibrated in C buffer (50 mM potassium phosphate, pH Plasmid DNA was purified by CsCl/ethidium bromide gradient centrifugation followed by gel filtration on agarose A-15m (Bio-Rad) to remove RNA (19), and the DNA concentration was determined spectrophotometrically by assuming E26 = 1.3 x 104 M-1'cm-' (per mol of base pairs). DNA fragments containing the araI or araO, sites were excised by complete restriction digestion as monitored by gel electrophoresis. Then, both the ara DNA and remaining 3-kilobase vector DNA fragments were precipitated with ethanol and resuspended in TE buffer. The recovery of DNA in the precipitation (>95%) was monitored by adding 32P-labeled tracer ara fragment after the restriction enzyme digestions.
After gel electrophoresis to separate AraC-DNA complexes from free DNA and protein, gel slices were prepared for scintillation counting by grinding in a glass vial and incubating overnight in 10% tissue solubilizer (Amersham) in 3 ml of ACS fluid (Amersham) at 55°C. Two vol of ACS fluid were then added before counting. The (Fig. 1B) . Thus, three regions of contacts in the major groove of the DNA were observed, each spaced about 10 base pairs apart. Experiments that detected methylation of adenines in the minor groove of the DNA revealed no strong contacts.
Three similarly spaced regions of strong phosphate contacts were indicated by the preethylation experiments. Phosphate contacts were apparent at positions on the 5' side of bases at -49 to -52, -62, and -70 to -73 of the upper strand (Fig. 1A) and of bases at -46, -47, -56, -57, -66, and -67 of the lower strand (Fig. 1B) (Fig. 1) . Although the DNA binding affinity of the protein for the araI site in the presence of fucose is 45-fold weaker than in the presence of arabinose (21), we saw no difference in the pattern of contacts.
The position of AraC protein bound to the araI site can be visualized from its contacts on a representation of the DNA helix (Fig. 2) . The protein apparently binds along one face on the DNA. Guanines are contacted in each of three adjacent major groove regions, and the pattern of phosphate contacts suggests that the protein contacts the DNA backbone on each side of the three major groove binding regions. The AraC binding consensus sequence has three conserved regions and they correspond well to the contact-site data ( Fig. 2A) (Fig. 3) .
Precisely known concentrations of DNA fragments containing the araI or araO, sites were prepared. The concentration of ara plasmid DNA was measured spectrophotometrically, and then the fragment was released by quantitative restriction enzyme digestion. No further purification of the DNA fragments was necessary because the vector DNA in the sample does not interfere with the assay. When needed, a trace of 32P04-end-labeled DNA fragment was added for quantitation of recoveries.
The protein-DNA complexes formed sharp bands that were located by ethidium bromide staining (Fig. 3B ). They were cut out of the gels, and the protein-to-DNA ratios for AraC binding to the araI and araO, sites were determined by comparing the 35S-labeled protein with 32P-labeled DNA recovered (Table 1) . For both DNA binding sites a ratio of 2 (1.9 ± 0.1 for araI and 2.1 ± 0.1 for araO,) was obtained as the average of four different labeling/purification/assay determinations, indicating that the dimer found in solution also is the DNA-binding form. the protein is reflected in the dyad symmetry of the DNA sequence that is also centered over the minor groove. AraC protein clearly contacts DNA differently.
A protein that contacts only two major groove regions of the DNA could appear to contact three adjacent major grooves if the population of complexes contain protein bound to either of two overlapping sites. In such a case, the intensity of bands as seen in Fig. 1 would be altered no more than 2-fold at the two outer major groove contact regions since only half of the DNA molecules would have protein bound to these regions at any instant. For araI, strong enrichments were seen at each of the three major groove regions, indicating that the entire site on each DNA molecule is fully occupied with protein. 
